The climbing fiber input to the cerebellum from the inferior olive is thought to act as a teacher whose activity controls the induction of motor learning. We designed training conditions that did not elicit instructive signals in the climbing fibers, but nevertheless induced robust and consistent motor learning in the vestibulo-ocular reflex of rhesus monkeys. Our results indicate that instructive signals in the climbing fibers are not necessary for cerebellum-dependent learning. Instead, instructive signals carried by either the climbing fibers or Purkinje cell simple spikes may be sufficient to induce motor learning, with additive effects occurring when both instructive signals are present during training.
To understand the algorithm a neural circuit uses to learn, one must determine how its patterns of activity during the induction of learning are translated into the cellular changes that encode memory. The cerebellum, which supports motor learning, is one brain region for which there is a well-developed theory about the neural events that induce plasticity during learning. The dominant theory over the last several decades has postulated that the climbing fiber input to the cerebellum from the inferior olive provides the neural instructive signals guiding cerebellum-dependent learning [1] [2] [3] . In support of this view, in vivo recordings have shown that climbing fiber activity signals errors during a number of different motor learning tasks 4, 5 . Classic theory attributed cerebellum-dependent learning to a single form of climbing fiber-triggered plasticity in the cerebellar cortex 3, 6 , namely long-term depression at the synapses from parallel fibers onto Purkinje cells (cerebellar LTD; Fig. 1 ). More recent evidence suggests that multiple, distributed plasticity mechanisms contribute to cerebellum-dependent learning [7] [8] [9] [10] [11] [12] [13] [14] [15] . Nevertheless, climbing fiber-triggered plasticity is still widely viewed as being central to cerebellum-dependent learning 7, 14, 16 .
Climbing fibers are positioned to control multiple plasticity mechanisms in the cerebellum and related circuitry. At the parallel fiber-to-Purkinje cell synapses, climbing fibers appear to control the induction of long-term potentiation (LTP) as well as LTD, as climbing fiber activity inhibits the induction of LTP 17, 18 . Plasticity mechanisms at several additional types of synapses in the cerebellar cortex are also controlled by climbing fiber activity in vitro and in vivo 12, [19] [20] [21] [22] . Some investigators have suggested that motor learning requires changes in the deep cerebellar nuclei or vestibular nuclei 23 , but such changes are generally viewed as being secondary to or dependent on climbing fiber-triggered changes in the cerebellar cortex 7, 14 . Thus, although cerebellar LTD is no longer considered to be the sole mechanism of cerebellum-dependent learning, instructive signals in the climbing fibers are still widely viewed as being central to learning.
Here, we tested the necessity of the instructive signals carried by climbing fibers for motor learning and evaluated the contribution of other potential neural instructive signals.
Previous tests of the necessity of the climbing fibers for motor learning have been inconclusive. Lesion or pharmacological inactivation of the source of the climbing fibers, the inferior olive, abolishes cerebellum-dependent learning 24, 25 . However, such manipulations abolish spontaneous activity in the climbing fibers as well as the task-related signals carried by changes in firing rate above and below the spontaneous level of activity. The elimination of spontaneous climbing fiber activity has the effect of producing abnormal neural activity at multiple sites in the cerebellar circuit 26, 27 . Thus, the inability to learn after such manipulations cannot be directly attributed to the loss of instructive signals in the climbing fibers, but could simply reflect the gross cerebellar dysfunction associated with disrupted basal activity. To avoid this confound, we developed a behavioral approach to selectively eliminate instructive signals in the climbing fibers without affecting their baseline level of activity.
The behavioral task we used was the adaptive modification of the vestibulo-ocular reflex (VOR) by motor learning. The VOR is a reflexive eye movement that functions to stabilize images on the retina by generating eye movements in the opposite direction from head motion. If the VOR fails to stabilize images during head movements, motor learning can adjust the amplitude, or gain, of the VOR (that is, the ratio of eye velocity to head velocity) to restore image stability 8 . This form of motor learning requires the floccular complex of the cerebellum [28] [29] [30] [31] [32] . Signaling in the VOR circuit is understood at a level that enabled us to design training stimuli that would abolish instructive signals in the climbing fibers, while leaving intact most of the other aspects of the training conditions known to induce VOR learning.
Our results suggest that learning can be induced in the absence of instructive signals in the climbing fibers and that plasticity mechanisms controlled by other neural instructive signals make a substantial and independent contribution to motor learning. This climbing fiberindependent component of learning was correlated with the signals carried by the Purkinje cell simple spikes during training.
RESULTS
We analyzed the neural instructive signals available in the VOR circuit with standard visual-vestibular training stimuli used to increase or decrease VOR gain and variations of these stimuli designed to selectively eliminate the instructive signals. In the floccular complex of two rhesus monkeys, 102 Purkinje cells with task-related activity (head and/or eye movement sensitivity) were recorded. Our analysis focused on 58 of these cells, which were identified as horizontal gaze-velocity Purkinje cells (HGVPs), a subclass of neurons that have been implicated in VOR learning 33, 34 . Spikes in a climbing fiber reliably trigger calcium spikes, called complex spikes, in its Purkinje cell targets in a one-to-one manner 35 ; therefore, we used complex spike activity in a Purkinje cell as a measure of activity in its climbing fiber input, and we refer to it as a climbing fiber response. Complex spikes were well isolated in 48 of 58 HGVPs and 20 of 44 non-HGVPs. In each individual neuron recorded, we compared the responses to many different visual-vestibular training stimuli.
Climbing fiber instructive signals
In the laboratory, motor learning in the VOR is typically induced by pairing head movements with the motion of a single, large, coherently moving visual stimulus (Fig. 1b) . Consistent with previous studies in primates and other species, the timing of peak climbing fiber activity relative to head motion discriminated between a 'Â2' visual-vestibular stimulus (see Online Methods), which induces an increase in VOR gain, versus a 'Â0' training stimulus, which induces a decrease in VOR gain 4, 15, 36 , and thus carried information about whether the VOR gain needed to increase or decrease (P o 0.05; Fig. 2 and Table 1 ). During standard Â2 training, climbing fiber firing peaked during ipsiversive head movement; whereas climbing fiber firing peaked during contraversive head movement during standard Â0 training.
The climbing fiber responses were uniform across the population and reflected both an increased probability of firing during much of the 'preferred' half-cycle of the stimulus and a decreased probability of firing during much of the 'nonpreferred' half-cycle of the stimulus relative to the baseline spontaneous activity measured in the absence of head movement or visual stimulus movement (Fig. 2a-c) . On the basis of the known physiology of the circuit, it has been proposed that these differently timed climbing fiber responses induce LTD and/or LTP in the appropriate vestibular parallel fiber-to-Purkinje cell synapses to support the observed changes in VOR gain 3, 37 ( Fig. 1 ; see Discussion).
To eliminate the climbing fiber responses during VOR training and thereby test their necessity for motor learning, we paired head movements with oppositely directed motion of a visual target and background. The origin of floccular climbing fibers is the dorsal cap of the inferior olive, which in turn receives its major input from the nucleus of the optic tract 38 . From what is known about the responses in the nucleus of the optic tract to visual motion 39, 40 , we expected that the effects of oppositely directed motion of the target and background might tend to cancel at the level of the inferior olive and this was confirmed by our recordings from the climbing fibers. When head movements were paired with target (T) motion and oppositely directed background (BG) motion (Â0T/Â2BG, Â2T/Â0BG; see Online Methods for a more detailed description of the stimuli), the responses of the climbing fibers were greatly reduced compared with the responses in the same climbing fibers when the target and background moved together ( Fig. 2 and Supplementary Fig. 1 ).
The reduction in climbing fiber response was greater for the Â0T/ Â2BG training stimulus than for the Â2T/Â0BG stimulus. Each climbing fiber response was summarized by the amplitude of the overall firing-rate modulation during the stimulus cycle and the phase of the peak firing relative to head movement, calculated using a vector analysis (Fig. 2d) . At the population level, the climbing fiber response to the Â2T/Â0BG stimulus was significantly different from zero (P o 0.05, one sample t test; Table 1 and Supplementary Fig. 1 ). Therefore, this stimulus did not provide a good test of the necessity of climbing fiber instructive signals for motor learning. In contrast, the population response to the Â0T/Â2BG stimulus was not significantly different from zero (P 4 0.05, one sample t test; Table 1 ). Therefore, we conducted additional analyses to evaluate whether the climbing fiber response was truly eliminated during the Â0T/Â2BG stimulus.
When the cycle-by-cycle variability of individual climbing fiber responses was considered, only 4 of 15 (monkey L) and 1 of 30 (monkey E) climbing fibers had significant responses to the Â0T/ Â2BG stimulus (P o 0.05; Fig. 2d) . Moreover, the timing of peak firing To induce VOR learning, we paired head movements with a visual stimulus that moves exactly opposite the head (Â2) or with the head (Â0), which drives climbing fiber responses with peak firing during ipsiversive (Â2) or contraversive (Â0) head movement, respectively. During training (induction of learning), increases in climbing fiber activity above baseline (dotted line) should induce LTD in the vestibular parallel fibers that are simultaneously active. During subsequent testing with head movements in total darkness (expression of learning), the LTD induced by Â2 training should alter Purkinje cell simple spike output during head movements so that this inhibition is more out-of-phase with the activity of the VOR interneurons, thereby increasing the response of the interneurons and the gain of the VOR (histograms, post-training responses; dashed traces, pre-training). In contrast, the LTD induced by Â0 training should cause Purkinje cells to fire more in-phase with VOR interneurons, thereby decreasing the VOR gain. The decrease in climbing fiber activity below baseline during the induction of learning may also induce LTP of parallel fibers firing during the corresponding phase of head movement, which would complement the effects of LTD on interneuron response amplitude. was not consistent in these five climbing fibers with significant responses. Three climbing fibers increased their firing during ipsiversive head movement, as observed during Â2T/Â2BG training, which increases VOR gain, and two climbing fibers increased their firing during contraversive head movement, as observed during Â0T/Â0BG training, which decreases VOR gain.
We considered the possibility that climbing fiber responses may be restricted to a very specific time in the stimulus cycle, but found no evidence for a temporally specific climbing fiber response to the Â0T/ Â2BG training stimulus. We compared the probability of climbing fiber firing during each 200-ms segment of the Â0T/Â2BG stimulus cycle with spontaneous activity and with spike trains obtained by randomly shuffling the interspike intervals measured during the Â0T/ Â2BG training stimulus to remove any potential signal (Fig. 2b,c) . Because of natural variability in the climbing fiber interspike intervals, when spontaneous or shuffled activity was averaged across 2,000-ms 'stimulus cycles' (see Online Methods), there was, in each 200-ms time bin, a small percentage of the climbing fibers firing with a probability 2 s.d. above or below the mean (Fig. 2c) . However, in each time bin, a similar percentage of climbing fibers had increased versus decreased firing, indicating that there was no signal carried by the population. In contrast, at any given time point during the Â0T/Â0BG and Â2T/ Â2BG training stimuli, a larger percentage of climbing fibers fired 2 s.d. above or below baseline, and the percentage of climbing fibers with increased versus decreased firing was highly asymmetric, reflecting the signals carried by the population of climbing fibers during these standard stimuli. During the Â0T/Â2BG training stimulus, climbing fiber activity was indistinguishable from spontaneous climbing fiber activity and shuffled spike trains (Fig. 2c) . Furthermore, inspection of the raw climbing fiber spike trains revealed no evidence for a temporally specific response to the Â0T/Â2BG training stimulus on a finer timescale or in a subset of trials ( Supplementary Fig. 2 ).
Although the conflicting background motion during the Â0T/ Â2BG stimulus eliminated the climbing fiber responses, it did not affect the overall average firing rate. The average firing rate in the climbing fibers during the Â0T/Â2BG training stimulus was the same as the average firing rate during spontaneous activity and during Â2T/Â2BG and Â0T/Â0BG training stimuli (P 4 0.05, ANOVA; Supplementary Fig. 3 ). Thus, the Â0T/Â2BG stimulus achieved selective abolition of instructive signals in the climbing fibers without affecting the baseline firing rate, as required to test the necessity of the instructive signals in the climbing fibers for learning.
Purkinje cell simple spike instructive signals
One candidate instructive signal that was previously proposed to guide motor learning in the VOR is the simple spike output of the Purkinje cells 23 , and during the novel Â0T/Â2BG stimulus, the Purkinje cell simple spikes carried robust signals that could potentially guide the induction of learning. As with the climbing fibers, the timing of peak simple spike activity relative to the head movement discriminated between the standard Â0T/Â0BG and Â2T/Â2BG training stimuli. Unlike the climbing fibers, the Purkinje cell simple spike activity also carried large, potentially useful instructive signals during Â0T/Â2BG training (Fig. 3) .
The simple spike activity of the Purkinje cells encodes both the vestibular input and the eye movements that the monkey makes to track the visual target 34 . The vestibular stimulus was the same across the experiments. The tracking eye movements were also similar during Â0T/Â0BG and Â0T/Â2BG training, as the motion of the visual target was the same. Therefore, the Purkinje cell simple spike responses that occurred during Â0T/Â2BG training were indistinguishable from those that occurred during Â0T/Â0BG training (P 4 0.19, paired t test; Fig. 3 and Table 1 ), thus providing a way to assess the potential contribution of Purkinje cell simple spikes to the induction of learning in the absence of instructive signals in the climbing fibers.
Learning in the absence of climbing fiber signals Despite the elimination of instructive signals in the climbing fibers, the Â0T/Â2BG training stimulus induced consistent motor learning. In the two monkeys used for neural recordings, motor learning in the VOR was induced by presenting one of the training stimuli for 1 h (monkey E) or 2 h (monkey L). VOR learning was assessed by comparing the eye movement response to head movements in complete darkness before and after training. The standard Â2T/Â2BG and Â0T/Â0BG training stimuli induced increases and decreases in VOR gain, respectively (Fig. 4c) . The Â0T/Â2BG training stimulus also induced a significant decrease in VOR gain (P o 0.001, one sample t test; 4 of 4 training sessions in monkey L, 5 of 5 training sessions in monkey E; Fig. 4c ), consistent with the instructive signals carried by the Purkinje cell simple spikes (Fig. 4b) . We recorded the neural responses and behavioral changes induced by additional training stimuli and found that stimuli that elicited similar responses in the climbing fibers could induce different changes in behavior, which were correlated with the simple spike responses that they elicited. For example, in monkey E, three training stimuli, Â0T/ Â2BG, Â0.5T/Â1BG and Â1.5T/Â0.5BG, each elicited no significant climbing fiber response (P 4 0.05; Table 1 and Fig. 4a) ; however, the learned changes in VOR gain that they induced were different (Fig. 4c) . 
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(4) Moreover, the changes in VOR gain were correlated with the simple spike responses during training (Fig. 4b,c) ; for these three stimuli, the biggest decreases in VOR gain occurred when the Purkinje cell simple spike responses were most similar to those during the standard Â0T/Â0BG training stimulus.
Learning with various combinations of instructive signals
The observation of motor learning in the absence of instructive signals in the climbing fibers does not in any way exclude a contribution of climbing fiber-triggered plasticity mechanisms to VOR learning. We used an additional training stimulus, Â1T/Â0BG, to isolate the climbing fiber contribution by eliminating the putative instructive signals in the Purkinje cell simple spikes. This stimulus drove the climbing fibers to respond in a manner similar to their response during Â0T/Â0BG training, which induces a decrease in VOR gain (Fig. 4a,c) . In contrast, the simple spike responses of the Purkinje cells were eliminated in monkey L and reversed in monkey E (Fig. 4b) , so they were more similar to the response elicited by the Â2T/Â2BG stimulus, which induces an increase in VOR gain. At the behavioral level, training with the Â1T/Â0BG stimulus induced a decrease in VOR gain in both monkeys (Fig. 4c) , as one might predict from the climbing fiber response. Together, our results indicate that motor learning can occur when information about the required direction of learning is carried by both the climbing fibers and Purkinje cell simple spikes or when only one of these two instructive signals is available. To evaluate how instructive signals carried by the simple spikes and climbing fibers may interact to control the induction of learning, we recorded climbing fiber and Purkinje cell simple spike responses to many novel training stimuli (see Online Methods) and measured the effectiveness of each training stimulus at inducing VOR learning. These stimuli elicited different combinations of instructive signals in the climbing fibers and Purkinje cell simple spikes (Fig. 5a) , which allowed us to analyze their individual contribution to the induction of learning.
For each pair of training stimuli, we calculated the difference in climbing fiber response (Dclimbing fiber), the difference in Purkinje cell simple spike response (Dsimple spike) and the difference in learning (Dlearning). If the climbing fibers provide instructive signals guiding learning, then the difference in learning induced by any pair of training stimuli should be related to the difference in the climbing fiber signals that they elicit during training. Indeed, Dclimbing fiber was linearly correlated with Dlearning (Fig. 5b) . We then divided all the stimulus pairs into three groups on the basis of the Dsimple spike value associated with each pair. For a given Dclimbing fiber, Dlearning systematically varied with Dsimple spike. Moreover, Dlearning was linearly correlated with Dsimple spike, particularly when the data were grouped according to Dclimbing fiber (Fig. 5c ). This influence of both Dsimple spike and Dclimbing fiber on Dlearning is consistent with an independent contribution of both the climbing fibers and simple spikes to learning. The contributions of the two putative neural instructive signals to learning were estimated by using the average correlation coefficients obtained from the pair-wise analyses (Fig. 5b,c) to predict the behavioral changes induced by each training stimulus (see Online Methods). When only the signals in the climbing fibers were considered, the predicted learning was well correlated with the observed learning; however, the amount of learning was underestimated by 30-40% (correlation coefficient ¼ 0.68 in monkey L and 0.63 in monkey E; Fig. 5d ). In contrast, when the signal in the simple spikes was used along with the signal in the climbing fibers, the predicted learning was very close to equal to the observed learning (correlation coefficient ¼ 0.98 in monkey L and 1.02 in monkey E; Fig. 5d ). Thus, a linear combination of climbing fiber and Purkinje cell simple spike instructive signals better accounted for motor learning in the VOR than climbing fiber signals alone.
DISCUSSION VOR circuit physiology and the Marr-Albus-Ito model
Models of motor learning in the VOR are constrained by a great deal of information about how activity at each site in the circuit should affect the gain of the VOR. For the appropriate changes in Purkinje cell output to be accomplished by cerebellar LTD, as suggested by the influential Marr-Albus-Ito model of cerebellum-dependent learning [1] [2] [3] , there should be selective depression of those parallel fibers that fire during ipsiversive head movement to increase the VOR gain, whereas a decrease in VOR gain would require selective depression of the parallel fibers that fire during contraversive head movement (Fig. 1b) . Because climbing fiber activation can trigger LTD in parallel fibers active simultaneously 6 , the responses present during the Â2T/Â2BG and Â0T/Â0BG training stimuli would be expected to trigger LTD in the appropriate vestibular parallel fibers to account for the observed changes in VOR gain (Figs. 1 and 2) . In contrast, there is no reason to believe that the Â0T/Â2BG training stimulus could induce selective LTD or LTP of the appropriate parallel fibers to produce the observed decrease in VOR gain. During Â0T/Â2BG training, the climbing fibers fired with the same probability during ipsiversive and contraversive head movement (Fig. 2) , making it equally likely that parallel fibers active during contraversive or ipsiversive head movements would undergo LTD. LTD of both groups of parallel fibers may decrease the average firing rate of the Purkinje cells, but should not cause the change in firing-rate modulation during head movements required to decrease the VOR gain. Moreover, if climbing fiber activity at the spontaneous rate is not effective at inducing LTD in vivo, then there may be no LTD at the parallel fiber-to-Purkinje cell synapses during Â0T/Â2BG training.
Our experiments measured the neural instructive signals that were available to guide learning at the beginning of training, when the gain of the VOR was at baseline. Each training stimulus was presented for just 1-2 min, so that the responses of a single neuron to many stimuli could be compared. It is possible that climbing fiber responses to the training stimuli could emerge as learning progresses, even if no response was present at the beginning of training. However, most of the behavioral changes occurred early in the training session (Supplementary Fig. 4 ) and therefore cannot depend on any late-developing climbing fiber responses. Thus, even if climbing fibers did make a small contribution to learning late in Â0T/Â2BG training, it would have to be secondary to a climbing fiber-independent plasticity mechanism that drove the initial changes in the circuit.
Do other climbing fibers provide instructive signals?
During standard Â2T/Â2BG and Â0T/Â0BG training stimuli, the population of climbing fibers that we recorded carried robust signals, which were previously hypothesized to guide VOR learning. Therefore, our sample is drawn from the same population that has been previously implicated in VOR learning. However, these very same climbing fibers carried no instructive signals during our novel training stimuli (Â0T/ Â2BG, Â0.5T/Â1BG and Â1.5T/Â0.5BG; Figs. 2 and 4) .
It is unlikely that there is another population of unrecorded climbing fibers that carry signals during the training stimuli that elicited no responses in the recorded climbing fibers. In the floccular complex, we tested all of the Purkinje cells that we isolated with any task-related activity and found no significant response of their climbing fiber inputs during the Â0T/Â2BG training stimulus (P 4 0.05, one-sample t test; Supplementary Fig. 5 ). It is unlikely that climbing fibers in other parts of the cerebellum carry instructive signals to guide motor learning in the VOR. There is compelling evidence from several previous studies that VOR gain learning requires the floccular complex and not other regions of the cerebellum 30, 31 .
It is also unlikely that a subpopulation of the climbing fibers that we recorded can account for the decreases in VOR gain induced by the Â0T/Â2BG stimulus. A subset of the individual climbing fibers (23 of 45) had small responses in the correct, 'gain decrease' direction during the Â0T/Â2BG stimulus to account for the observed decrease in VOR gain; however, only 2 out of those 23 responses were significant (P o 0.05; Fig. 2d) . Moreover, 22 of 45 climbing fibers had small responses in the incorrect, 'gain increase' direction, three of which were significant (P o 0.05). Thus, any effects of the climbing fibers with small gain decrease responses should be cancelled by the effects of the equal number of climbing fibers with small gain increase responses, unless the Purkinje cells receiving the gain decrease climbing fibers have unique properties that endow them with privileged control over the behavior, and there was no evidence for this. The neurons receiving small gain increase versus gain decrease instructive signals during Â0T/Â2BG training were indistinguishable in all other respects (Supplementary Table 1 and Supplementary Fig. 6 ). Finally, the responses of the population of climbing fibers during Â0T/Â2BG training were normally distributed, consistent with the responses being drawn from a single, uniform population rather than two distinct populations (P ¼ 0.26, D'Agostino-Pearson test). Thus, variation around the mean climbing fiber response of zero during the Â0T/Â2BG stimulus appears to be biological noise, rather than any kind of signal that could guide the induction of the observed behavioral changes.
Other instructive signals for cerebellar learning
When the instructive signals were eliminated from the climbing fibers, learning was correlated with the Purkinje cell simple spike responses present during training, suggesting that the signals carried by the simple spikes may contribute to the induction of learning. Purkinje cell simple spikes have previously been proposed as an instructive signal for motor learning 23 . Purkinje cells are well positioned to control the induction of plasticity in their main target, the vestibular nuclei or deep cerebellar nuclei, and there is evidence for changes in the vestibular nuclei/deep cerebellar nuclei during learning 7, 10, 11, 41, 42 .
We cannot rule out the possibility that other neural instructive signals, in addition to those carried by climbing fibers and Purkinje cell simple spikes, could contribute to the induction of learning. In particular, the mossy fiber pathways upstream of the Purkinje cell simple spikes must, together, carry the same information as the simple spikes. However, it is not the simple spike activity in isolation, but the timing of simple spike activity relative to head movement that correlated with the behavioral changes. Therefore, the observed learning cannot be readily explained by a nonassociative plasticity mechanism that depends only on signals carried by the simple spikes or upstream pathways (for example, LTP or LTD that depends only on parallel fiber activity) 43, 44 . In contrast, in the vestibular nucleus, there is a convergence of simple spike and vestibular signals (Fig. 1a) , making it plausible that the correlation of activity in these two inputs could induce synaptic changes in the vestibular nucleus that decrease or increase VOR gain. Plasticity at sites outside the cerebellar cortex has generally been viewed as secondary to LTD at the parallel fiber-toPurkinje cell synapses 7, 10, 14 or dependent on cerebellar LTD for its appropriate expression 45 . However, our results suggest that instructive signals carried by Purkinje cell simple spikes may induce learning in the absence of any climbing fiber-triggered plasticity.
Multiple instructive signals for cerebellar learning
Our results suggest that neither instructive signals carried by the climbing fibers nor instructive signals carried by the Purkinje cell simple spikes are necessary for motor learning. Instead, each of these neural instructive signals may operate in parallel, with each being capable of inducing learning in the other's absence, thus imparting the cerebellum with distinct, independent ways to control the induction of motor learning. For the set of training stimuli used in this study, the contribution of the climbing fibers to the induction of learning appeared to be greater, on average, than the contribution of the Purkinje cell simple spikes. The climbing fiber responses during training accounted for 60-70% of the observed learning, whereas the simple spike responses accounted for another 30-40% (Fig. 5d) . However, the training stimuli that we used elicited climbing fiber responses that covered much of their physiological range (±1 spikes per s), but relatively modest simple spike responses (about ± 20 spikes per s) compared with their physiological range of at least ±40-50 spikes per s. Therefore, the climbing fiber contribution to learning measured using the set of stimuli in this study may be near maximal, whereas training stimuli that drive bigger simple spike responses may be able to recruit a bigger simple spike-triggered component of learning.
When instructive signals are carried by both the climbing fibers and Purkinje cell simple spikes during training, their effects appear to sum linearly, suggesting that climbing fiber and simple spike instructive signals operate independently and in parallel during the induction of learning. The independent operation of multiple instructive signals offers at least three advantages. First, it provides more than one way to achieve a similar behavioral outcome. The learning induced by Â0T/ Â2BG training and Â1T/Â0BG training was similar at the behavioral level; in each case, there was a decrease in VOR gain. However, different neural instructive signals are available during these two training stimuli. Therefore, the underlying memory traces may be quite different, potentially involving distinct locations in the circuit. The use of different plasticity mechanisms may influence behavioral properties of the memory, such as its resistance to forgetting and the extent to which it generalizes to conditions different from those occurring during training. Second, the use of multiple instructive signals could allow learning to occur under a broader range of conditions because each neural instructive signal encodes different aspects of the learning environment, with the climbing fibers being more sensitive to motion of the visual background and the Purkinje cells being more sensitive to the visually driven eye movements made during training. Under natural viewing conditions, discrepant motion of the background visual stimuli versus the visual target and eye movement is common, because of motion parallax. Third, when multiple instructive signals are recruited, more learning is induced. Thus, to optimize motor learning in clinical or other settings, one should design the training environment to recruit each of the available instructive signals.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website. 
ONLINE METHODS
General procedures. Experiments were conducted on two male rhesus monkeys trained to perform a visual fixation task to obtain liquid reinforcement. Previously described surgical procedures were used to implant orthopedic plates for restraining the head 42, 46 , a coil of wire in one eye for measuring eye position 47 and a stereotaxically localized recording cylinder. During experiments, each monkey sat in a specially designed primate chair to which his implanted head holder was secured. Vestibular stimuli were delivered using a servo-controlled turntable (Ideal Aerosmith) that rotated the monkey, the primate chair and a set of magnetic coils (CNC Engineering) together about an earth-vertical axis. Visual motion stimuli were provided by a visual target subtending 0.51 of visual angle, which the monkey was rewarded for tracking, and a 201 Â 301 visual background consisting of a high-contrast black and white checkerboard pattern. The visual stimuli were reflected off mirror galvanometers onto the back of a tangent screen 114 cm in front of the eyes. All surgical and behavioral procedures conformed to guidelines established by the US Department of Health and Human Services (US National Institutes of Health) Guide for the Care and Use of Laboratory Animals as approved by Stanford University.
Behavioral experiments. Motor learning in the VOR was induced by presenting combined visual-vestibular stimuli for 1 h (monkey E) or 2 h (monkey L). VOR performance was tested before and after training and at 15-min (monkey E) or 30-min intervals (monkey L) during training by delivering the vestibular stimulus in total darkness. The vestibular stimulus used to measure the VOR and induce learning had a sinusoidal velocity profile (0.5 Hz, peak velocity ± 101 per s, or in a few cases, where noted, ± 201 per s).
The visual-vestibular training stimuli are described by the eye velocity gain (relative to head movement) required to stabilize the image of the target (T) and the background (BG) on the retina. If the target moved exactly with the head, the training stimulus is described as Â0T, as the VOR gain required to stabilize the image of the target on the retina is zero. If the visual target moved at the same speed as the head, but 1801 out of phase with the head, then the VOR gain required to stabilize the target on the retina was 2 (eye speed equal to twice head speed), and the stimulus was described as Â2T. During Â0.5T and Â1.5T training stimuli, the target moved in phase or 1801 out of phase with the head, respectively, at one-half the head speed. During training stimuli with Â1T, the visual target was earth-stationary.
With the exception of two experiments conducted in monkey L (Â0T only and Â2T only), the visual stimulus included a visual background that either moved together with the target or independently. During the Â0T/Â0BG, Â2T/Â2BG, Â0.5T/Â0.5BG and Â1.5T/Â1.5BG stimuli, the visual background moved exactly with the target. During Â0T/Â2BG, Â0.5T/ Â1.5BG, Â1.5T/Â0.5BG and Â2T/Â0BG stimuli, the visual background moved at the same speed as the target, but was 1801 out of phase with target motion. During the Â0T/Â1BG, Â0.5T/Â1BG, Â1.5T/Â1BG and Â2T/Â1BG stimuli, the visual background was earth-stationary. During the Â0T/Â0.5BG and Â2T/Â1.5BG stimuli, the background moved at one-half the speed of the target and was in-phase with target motion. During the Â0.5T/ Â0BG and Â1.5T/Â2BG stimuli, the background moved at twice the speed and was in phase with target motion. For the Â1T/Â0BG and Â1T/Â2BG stimuli, the background moved at the same speed as the head and was in phase or 1801 out of phase with the head motion, respectively.
Experiments were separated by at least 24 h to allow the gain of the VOR to readapt to its normal value before the next experiment. In each monkey, there were a minimum of three replications of the behavioral experiments for each training stimulus.
Electrophysiology. Tungsten electrodes (FHC, Microprobe) were used to make extracellular recordings from Purkinje cells in the floccular complex of the cerebellum, comprising the cerebellar flocculus and ventral paraflocculus. After a Purkinje cell was isolated, its sensitivity to eye velocity and head velocity were first measured by recording its responses during smooth pursuit eye movements evoked by horizontal motion of the visual target with a sinusoidal velocity profile at a frequency of 0.5 Hz and a peak velocity of 201 per s or greater and as the monkey cancelled his VOR by tracking a visual target that moved exactly with sinusoidal head rotation about an earth-vertical axis at 0.5 Hz and at a peak velocity of 201 per s or greater. Purkinje cells were classified as HGVPs if the simple spike firing rate was modulated by at least ± 0.3 spikes per s per degree per s and there was a phase difference of less than 451 between peak firing rate and peak ipsiversive eye velocity during horizontal smooth pursuit eye movements, and if the simple spike firing rate was modulated by at least ± 0.3 spikes per s per deg per s and the phase difference between peak firing rate and peak ipsiversive head velocity was less than 451 during cancellation of the VOR 34, 36 .
We compared the instructive signals carried by the same neuron during several different training stimuli used to induce motor learning in the VOR. Each training stimulus was presented for 60-90 s. Recordings were made when the gain of the VOR was at baseline and the training stimuli were not presented long enough to induce measurable changes in VOR performance as measured in the dark.
Data analysis. Voltages related to the position and velocity of eye, head and visual stimulus were recorded during the experiments at 500 Hz per channel. Eye velocity records were edited to remove the rapid deflections caused by saccades. The data were then analyzed by aligning stimulus cycles on head or target velocity and averaging. Most averages contained ten or more cycles and analyses were limited to cycles for which gaze position was within 15 deg of straight-ahead gaze. Average eye and head velocity traces were subjected to a sines fit. The gain of the VOR was calculated as the ratio of peak eye velocity to peak head velocity derived from the fitted sinusoidal functions.
The simple-spike activity of Purkinje cells was detected with a hardware window discriminator and the times of the resulting pulses were recorded to the nearest 10 ms. In addition, unit activity was sampled at 50 kHz, and complex spikes were discriminated using off-line spike sorting with time and amplitude windows or template matching algorithms (Spike2, Cambridge Electronic Design). In addition, the occurrence of each complex spike was confirmed by visual inspection of the raw traces by the investigators.
Data analysis was performed in Matlab (Mathworks) and Excel (Microsoft). The simple spike data were analyzed after the experiment by aligning the records on head velocity or visual stimulus position. The amplitude of firingrate modulation and phase of the simple spike responses relative to peak contraversive head velocity were estimated as the amplitude and phase of the fundamental components provided by Fourier analysis of the averages.
Because of firing rate cutoff, the climbing fiber responses were not always well described by a sinusoid. Therefore, to quantify climbing fiber responses during training stimuli, complex spike data were analyzed using a vector analysis. Stimulus cycles were aligned on head velocity and averaged. The stimulus cycle was divided into 1,000 equal bins. Each time bin was represented as a vector, with the magnitude of the vector being equal to the average firing rate in that bin and the phase being determined by the phase of the bin relative to peak ipsiversive head velocity. The phase and amplitude of the climbing fiber response were calculated as the phase and one-half the amplitude of the vector sum.
The component of the climbing fiber response or simple spike response aligned with peak head velocity was calculated by multiplying the amplitude of the response with the cosine of the phase and these values were used for statistical analysis. The significance of each neural response was determined by performing the vector analysis on each cycle of head movement during a given training stimulus. Significance was tested using a one-sample t test.
To test for temporally restricted climbing fiber responses, we divided the stimulus cycle into ten 200-ms epochs and calculated the average probability of a complex spike for each epoch. For spontaneous and shuffled control conditions, climbing fiber responses were divided into 2,000-ms trials aligned to the onset of recording and the same analysis was performed.
The baseline probability of climbing fiber firing was estimated from all recordings of spontaneous activity in climbing fibers. Spike trains of spontaneous activity were divided into 200-ms bins and the probability of complex spike firing was calculated from a random selection, without replacement, of 35 200-ms bins (the typical number of bins used to calculate the firing probability during a training stimulus). This measure was repeated to derive the mean and s.d. used as the baseline probability.
The pair-wise analysis in Figure 5 was based on the neural and behavioral responses to 16 training stimuli for monkey L and 17 training stimuli for monkey E. For each training stimulus, the average response in the climbing fibers and Purkinje cell simple spike populations was used. For learning, the median value of the behavioral replications was used. For each pair of training stimuli, Dsimple spike, Dclimbing fiber and Dlearning were calculated.
To assess the contribution of climbing fiber signals to learning (Fig. 5b) , we subtracted the neural responses and learning induced by the two training stimuli in each pair in the order that yielded a positive Dclimbing fiber value, where positive Dclimbing fiber was defined as a bigger increase (or smaller decrease) in firing during ipsiversive head movements. The training stimulus pairs were then grouped into three bins according to their Dsimple spike values: stimulus pairs with Dsimple spike above 33.3% of the maximum absolute Dsimple spike value in the set of stimulus pairs, stimulus pairs with Dsimple spike between À33.3% and 33.3% of the maximum, and stimulus pairs with Dsimple spike below À33.3% of the maximum. A linear regression was performed on Dlearning and Dclimbing fiber for the stimulus pairs in each bin. The correlation coefficients obtained from the three bins were averaged and this value (C CF ) was used to estimate the climbing fiber contribution to learning.
To assess the contribution of simple spike signals to learning (Fig. 5c) , we subtracted the neural responses and learning induced by the training stimuli in each pair in the order that yielded a positive Dsimple spike value, where positive Dsimple spike was defined as a bigger increase or smaller decrease in firing during contraversive head movements. The training stimulus pairs were then grouped into three bins according to their Dclimbing fiber values: stimulus pairs with Dclimbing fiber above 33.3% of the maximum absolute Dclimbing fiber value, stimulus pairs with Dclimbing fiber between À33.3% and 33.3% and stimulus pairs with Dclimbing fiber below À33.3% of the maximum. A linear regression was performed on Dlearning and Dsimple spike for the stimulus pairs in each bin. The correlation coefficients obtained from the three bins were averaged and this value (C SS ) was used to estimate the Purkinje cell simple spike contribution to learning.
The coefficients, C CF and C SS , derived from the pairwise analysis were used to predict the amount of learning induced by each training stimulus. To predict the amount of learning on the basis of only the climbing fiber instructive signals present during each training stimulus (Fig. 5d) , we used the following equation:
where L CF (stimulus) is the predicted learning for the given training stimulus and CF measured (stimulus) is the measured climbing fiber response during that stimulus.
To predict the amount of learning based on both Purkinje cell simple spike and climbing fiber responses (Fig. 5d) , we calculated the amount of learning predicted from each signal and then summed:
L total ðstimulusÞ ¼ C CF Â CF measured ðstimulusÞ + C ss Â SS measured ðstimulusÞ where SS measured (stimulus) is the measured simple spike response during the training stimulus. The regression analysis was constrained to pass through the origin. 
